Inflammation contributes to growth failure associated with inflammatory bowel diseases. Anti-TNFα therapy induces sustained remission and short-term improvements in height velocity and/or height standard deviation score (H-SDS) patients with Crohn's disease. The purpose of this study was to evaluate growth and adult height in patients with Crohn's disease taking maintenance infliximab or adalimumab therapy.This university-hospital based retrospective study included 61 patients, with a median follow-up of 2.6 years (2.0; 3.3). 38 patients (62%) reached their adult height. H-SDS was collected at diagnosis and together with disease activity markers (Harvey-Bradshaw Index, albumin, and C-reactive protein) at treatment initiation (baseline), and follow-up completion. Wilcoxon's signed-rank test was chosen for comparisons. Median H-SDS decreased from diagnosis to baseline (-0.08 [-0.73; +0.77] to -0.94 [-1.44; +0.11], p<0.0001) and then increased to follow-up completion (-0.63 [-1.08; 0.49], p = 0.003 versus baseline), concomitantly with an improvement in disease activity. Median adult H-SDS was within the normal range (-0.72 [-1.25; +0.42]) but did not differ from baseline H-SDS and was significantly lower than the target H-SDS (-0.09 [-0.67; +0.42], p = 0.01). Only 2 (6%) males had adult heights significantly below their target heights (10.5 and -13.5 cm ). In conclusion, anti-tumor necrosis factor α (TNF) therapy prevented loss of height without fully restoring the genetic growth potential in this group of patients with CD. Earlier treatment initiation might improve growth outcomes in these patients.
Introduction
Growth failure is common in patients with childhood-onset Crohn's disease (CD), both at diagnosis and during follow-up. Overall, about 20% of patients have a reduced adult height, defined as a greater than 2 SD loss of height versus height at disease onset or as a greater than 8 cm difference from target height [1, 2] . Thus, the treatment seeks not only to achieve disease remission, but also to optimize growth and pubertal development so that the adult height is within the target height range. The main causes of growth failure and pubertal delay are chronic inflammation, malnutrition, and prolonged corticosteroid therapy. Treatment options for obtaining a sustained disease remission include exclusive enteral nutrition, surgery, and nonsteroid immunosuppressive agents. In retrospective studies, these treatments improved growth in the short term (6-12 months). Significant catch-up growth has been reported after surgical resection of localized lesions before or during early puberty [3] . Exclusive enteral nutrition and azathioprine induce larger improvements in height velocity (HV) and height standard deviation score (H-SDS) compared to corticosteroid therapy [4, 5] . The effects of endocrine treatments on growth and puberty have also been evaluated in very small short-term studies. Testosterone for 6 months significantly improved growth and pubertal status in adolescents with inflammatory bowel disease (IBD) but its effects on adult height were not evaluated [6] . Therapeutical trials with recombinant human growth hormone in short children with IBD produced controversial results [7, 8] and have not been extended.
Anti-tumor necrosis factor α (anti-TNFα) therapy has dramatically modified the medical management of patients with CD. Among patients given biologics, 90% achieve a short-term remission and up to 60% experience sustained clinical benefits after 3 years of treatment [9] . Anti-TNFα antibodies have been reported to induce short-term improvements in HV and/or H-SDS [10, 11] but their effects on adult height are unknown.
Here, our aim was to evaluate the mid-term effects on growth of anti-TNF α maintenance therapy in children with CD, some of whom were followed until growth completion.
Methods

Ethics
This retrospective study was approved by the ethics committee of the Robert Debré Teaching Hospital, Paris, France, which waived the need for written informed consent (reference number: 2014/126, CNIL reference number 1763539). All study patients and/or their parents gave oral informed consent to study inclusion, which was noticed in patients 'charts.
Patients
We retrospectively reviewed the medical charts of children who received care for CD at the pediatric gastroenterology department of the Robert Debré Teaching Hospital, Paris, France, between January 1998 and January 2013. Inclusion criteria were CD meeting European Crohn's and Colitis Organisation criteria [12] and anti-TNFα antibody therapy (infliximab or adalimumab) for at least 1 year. Exclusion criteria were episodic anti-TNFα antibody therapy, attainment of adult height before or during the first treatment year, and concomitant treatment with recombinant growth hormone (rhGH) or sex steroids (testosterone or estrogens, which may interfere with linear growth).
thereafter were abstracted from the medical records. Body mass index (BMI, kg/m 2 ) was computed as (weight in kg)/ (height in m) 2 and target height (cm) as ([father's height in cm + mother's height in cm]/2) + 6.5-cm for boys and -6.5-cm for girls. HV (cm/year) over a time interval as close as possible to 12 months (4 to 15 months) was computed as follows: ([height difference between the two time points, in cm]/months between the two time points)x12. Height, weight, BMI, and HV were expressed as standard deviation scores (SDS) over chronological age (CA) based on reference values for the French population [13, 14] . Bone age was assessed on radiographs of the left hand according to Greulich and Pyle [15] . Adult height was defined by a HV < 2 cm/year and/or bone age >15 years in girls and >17 years in boys. Adult height and target height were expressed as H-SDS based on reference values for adult height in the French population [14] (S1 File). Disease parameters. The Paris classification was used to categorize the CD phenotype [16] . We recorded disease activity as evaluated clinically at each visit based on the Harvey-Bradshaw Index [17] and number of flares between consecutive visits. Harvey Bradshaw index categories were as follows: <4 inactive disease; 4 and <12 moderately active; 12 highly active. A flare was defined as hospital admission or a change in treatment. Plasmatic C Reactive Protein (CRP, mg/l; normal<10mg/L) and albumin (g/l; normal: 40-51g/L) were recorded (S1 File).
Anti TNFα therapy was initiated as the first-line therapy in patients with perianal disease. In other patients, the first-line treatment was a corticosteroid or another immunosuppressive drug (azathioprine, 6 mercaptopurin, methotrexate or tacrolimus); if appropriate, an anti-TNFα was used as the second-line treatment. Induction and maintenance doses were those recommended in guidelines for anti-TNFα therapy [18] : infliximab, 5mg/kg at weeks 0, 2 and 6 and then 5mg/kg injection every 8 weeks; adalimumab, 160 mg if weight >40kg or 80 mg if weight <40kg at week 0, 80mg if weight >40kg or 40 mg if weight <40kg at week 2 and thereafter a subcutaneous injection every other week of 40 mg if weight >40kg or 20mg if weight <40kg. When disease control was inadequate, the dosage was increased or the dosing interval decreased. Infliximab was used first. Patients with an anaphylactic reaction to infliximab were switched to adalimumab.
Statistical analysis
Data were described as median, interquartile range (25 th -75 th percentiles), range (minimummaximum) or number (%) as appropriate. As the number of patients decreased during followup, changes in auxologic parameters in the 61 included patients are reported for three time points: diagnosis, anti-TNFα initiation (baseline) and last follow-up. H-SDS, HV-SDS and BMI-SDS values over time were compared using Wilcoxon's signed rank test. Bonferroni's correction for multiple comparisons was applied when appropriate: this procedure set the threshold for significance at 0.0125 for H-SDS and 0.025 for BMI-SDS, CRP, albumin. At anti-TNFα initiation, auxologic parameters and disease characteristics were compared between the patients who attained their adult height and those who were still growing, using the nonparametric Mann-Whitney test for continuous variables. For categorical variables, we used the chisquare test, or Fischer's exact test as appropriate. These tests were two-sided tests; P-values less than 0.05 were considered significant. All statistical analyses were performed using SAS software, v. 9.4 (SAS Institute Inc., Cary, NC).
Results
Patients
Of the 160 patients given anti-TNFα antibodies for IBD during the study period, 61 (38 males) met the inclusion and exclusion criteria, as shown in the patient flow chart (Fig 1) . Table 1 lists Growth during Anti-TNFα Therapy for Crohn's Disease the main patient characteristics before anti-TNFα initiation. Eight patients (13%) had no treatment. Other patients received either one treatment (n = 16, 26%) or two (n = 30, 49%) or three (n = 7, 11%) combined therapies (S1 Table) . Specific reasons for starting anti-TNFα therapy were relapses despite immunosuppressive therapy (n = 38, 62%), corticosteroid dependence (n = 25, 41%), perianal disease (n = 10, 16%), and contraindications to immunosuppressive drugs (n = 9, 15%). Twenty-one patients had two reasons for initiating anti-TNFα therapy (S2 Table) . Median follow-up duration during maintenance treatment was 2.6 (2.0; 3.3) years, (range: 1-7.6). The first anti-TNFα used was infliximab in all patients. Subsequently, 11 patients were switched to adalimumab because of incomplete disease control (n = 10) or an anaphylaxis-like reaction to infliximab (n = 1). One patient with incomplete responses to infliximab then adalimumab has been switched to certolizumab
Disease activity during follow up
During anti-TNFα treatment, the percentage of patients with moderate or severe disease according to the Harvey Bradshaw index decreased from 72% at baseline to 13% at last follow- Disease behavior, n (%)
Perianal disease, n (%) n = 60 27(45%)
Extradigestive symptoms, n (%) 20 (33%)
Harvey Bradshaw Index,n (%) n = 60 
Linear growth during follow-up
Median HV significantly increased in the first year of treatment from -1.5 SDS (-2.5; -0.6) to +0.8 SDS (-0.2; +2.1) (p<0.0001) and then remained stable during the following 3 years (Fig 2a) . (Fig 2c) . Table 2 lists their main characteristics. At anti-TNF initiation, these 38 patients were older (14.0 years [13.0; 15.1]) than the 23 patients who were still growing (12.1 years [10.7; 13.3], p = 0.0001). The disease characteristics and the auxologic parameters (except bone age) did not differ between these 2 groups (Table 3 ). In the group of 38 patients, H-SDS at anti-TNFα initiation was lower than at diagnosis and no significant catch-up growth occured. Their adult H-SDS (-0.72 [-1.25; +0.42]; range: -2.41; 1.47) was in the normal range in both sexes but lower than the target H-SDS (-0.09 [-0.67; +0.42], p = 0.01), the median difference being -2.5 cm (-5.0; 0) in girls and -2.0 cm (-6.0; 2.5) in boys. Of 2 patients (2 boys, 6% of the group) among the 32 patients whose target height was available, 2 (6%, both male) had a severe height deficiency (-10.5cm [-1.75 SD] and -13.5cm [-2.25 SD] vs target height, respectively). Surprisingly, the patient who had been switched to Certolizumab did not exhibit a severe height deficiency, his adult height being only 1.7 cm (-0.28 SD) below his target height.
Discussion
We describe linear growth in children with anti-TNFα antibodies. This treatment stopped the height loss observed after diagnosis, stabilizing the H-SDS. Three-fifths of patients were followed until they reached their adult height. Catch-up growth occurred during treatment in the overall population. However, adult height, although within the normal range, was not improved compared to height at anti-TNFα initiation and was significantly lower than the target height. However, a significant reduction in adult height was very uncommon (2/32 patients with available data). Inflammation and malnutrition contribute to growth failure associated with IBD. In a prepubertal rat model of colitis with plasma IL-6 elevation, a comparison with healthy rats fed with the same diet to eliminate differences due to undernutrition showed that inflammation explained 30%-40% of growth retardation [19] . Animals with colitis also exhibit pubertal delay Disease behavior, n (%) 0.83
Extradigestive symptoms, n (%) 9 (39%) 11/38 (29%) 0.41
Harvey-Bradshaw Index, n (%) 0.89 which can be partially corrected by anti-cytokine treatment [20, 21] Growth-retarded children and adolescents with CD have a variety of endocrine profiles ranging from growth hormone resistance to growth hormone deficiency [22, 23] which reflect the impact on the somatotropic axis of cytokines, under-nutrition and sex-steroid deficiency. Furthermore, the deleterious effects of cytokines and undernutrition on the growth plate [24] contribute to slow linear growth. Thus, optimal nutritional support and tight inflammation control are major treatment goals in children with CD. At diagnosis, BMI was normal and linear growth was within the target channel. Subsequently, however, significant height loss occurred over the years preceding anti-TNFα initiation. The clinical implication is that HV must be monitored closely to ensure that anti-TNFα treatment is started before severe growth failure develops. Inadequate inflammation control is the probable source of the height loss, given our findings regarding the disease activity markers. Furthermore, uncontrolled inflammation despite conventional treatment was the main reason for starting anti-TNFα therapy.
We chose Harvey Bradshaw index and plasma levels of CRP and albumin to monitor the effectiveness of anti-TNFα therapy because these parameters have been reported to be sensitive markers for inflammation control in everyday clinical practice [17, 25] . Anti-TNFα was associated with significantly better disease control: the Harvey-Bradshaw index improved, most patients were able to discontinue corticosteroid therapy, the CRP levels returned to normal and the albumin levels showed a sustained increase at last follow-up. Concomitantly, HV increased during the first treatment year and H-SDS improved significantly. These results support those previously reported and underline the link between linear growth and inflammation during biologic therapy. In 78 children with CD, larger decreases in TNFα and IL-6 levels during infliximab therapy were associated with larger increases in H-SDS [26] . Other studies found improvements in growth outcomes confined to those patients who achieved a remission during treatment [10, 11, [27] [28] [29] [30] [31] .
In our patients, anti-TNFα was started late (about 2 years) after the diagnosis. The height loss that occurred after the diagnosis and the catch-up growth after anti-TNFα initiation suggest that anti-TNFα therapy might deserve to be started earlier during the course of the disease. A post hoc propensity-score analysis of observational data showed that starting anti-TNFα therapy within 3 months after the diagnosis was associated with a significant H-SDS gain during the first year treatment whereas H-SDS remained unchanged in patients treated early with another immunomodulator and in those given no early immunotherapy [32] .
Of our 61 patients, 38(62%) attained their adult height under anti-TNFα therapy. Their adult H-SDS was within the normal range, but remained significantly lower than their target height, indicating that anti-TNFα treatment failed to fully restore their genetic growth potential. However, adult height is within ± 1.5 SDS of target H in 95% of normal children [33] . In our study, only 2 boys (6% of the group that attained adult height) were outside this range, i.e., had severe height deficiency.
The efficacy of anti-TNFα therapy in pediatric patients with CD has been well established. Consequently, a randomized controlled comparison of patients with or without anti-TNFα therapy would have been unethical. Instead, we compared growth before and after anti-TNFα initiation. We also compared adult height in our study to that reported before the introduction of anti-TNFα therapy. A study reported in 1993 found that 12% IBD patients had a reduced adult height defined as a height loss of 2SD or more from disease onset [2] . In 123 patients with CD studied after height completion, adult height was within the normal range overall but was >8 cm below the target height in 19% of patients [1] . In 135 patients with CD, adult H-SDS was not significantly different from the target height but was significantly lower in patients with prepubertal vs pubertal disease [34] . In our study, the percentage of patients with a significant growth deficiency after growth completion was very small, but the number of patients having reached their adult height was too small to allow definite conclusions about the effects of biotherapy on adult height.
Patients who attained their adult height did not experience catch-up growth after anti-TNFα initiation. In our patients, anti-TNFα therapy was started fairly late. Bone age was not delayed and was consistent with on-going puberty. In previous studies, a key factor in the growth-promoting effects of anti-TNFα therapy was the stage of puberty at treatment initiation: the gains of height were greater in patients treated in early than late puberty [27, 30] . Then, the failure to obtain catch-up growth was probably due to the limited remaining growth potential at treatment initiation. This point supports early anti-TNFα initiation. However, we cannot exclude that suboptimal growth occurred during puberty and negatively affected adult height. A limitation of our study is the absence of data on puberty progression and on the magnitude and duration of pubertal growth. Eventually, we cannot rule out that the absence of catch-up growth reflected discontinuous control of inflammation as the markers of inflammation were evaluated at only at 3 time points. Long-term anti-TNFα antibodies were effective in most studies. However, subclinical reactivation of the inflammatory process between infusions or escape phenomenon can occur over time [30, 35] limiting the beneficial effects of treatment on growth.
Conclusion
This study showed that patients with pediatric-onset CD experienced a significant height loss within the first few years after the diagnosis, with a risk of failing to achieve the target height. Anti-TNFα antibodies can prevent further loss of height during the course of the disease, while ensuring remission of the inflammatory process. Our patients reached a normal adult height but failed to achieve their full growth potential. Optimization of anti-TNFα therapy, particularly via earlier initiation, may improve growth outcomes. Further studies with larger numbers of patients having achieved their adult height are needed to assess the impact of anti-TNFα therapy on linear growth in pediatric patients with CD. 
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